Endotoxin sensitivity varies among animal species and appears to correlate with the presence of pulmonary intravascular macrophage (PIM). In rats, which lack PIM, we investigated the hypothesis that chronic cholestatic liver injury leads to induction of PIM and endotoxin sensitivity. Rats were randomized to either common bile duct ligation (BDL) or sham-surgery and studied at 1 wk (acute cholestasis), 2 wk (cholestasis, early cirrhosis), and 4 wk (cholestasis, established cirrhosis) after surgery. Intravascularly injected fluorescent latex microspheres (1 micron diameter) were taken up by large phagocytic cells in lung parenchyma of BDL rats (at 2 and 4 wk), while no uptake was observed in lungs from control rats. Electronmicroscopy revealed accumulation of large, mononuclear, macrophage-like cells containing ingested latex particles within the pulmonary capillaries. Pulmonary intravascular phagocytosis, as reflected in lung uptake of 99mTc microaggregated albumin (Microlite, mean particle diameter = 1 micron), averaged 0.7 +/-0.1% (mean +/-SEM) of total injected dose in 13 control rats and progressively increased with time after BDL (1 wk, 1.7 +/-0.2%; 2 wk, 10.0 +/-3.0%; 4 wk 35.1 +/-5.9%). Rats with biliary cirrhosis were markedly sensitive to the lethal effects of low dose endotoxin and demonstrated marked lung edema at the time of death. Furthermore, the lung uptake of intravascular 125I-lipopolysaccharide was increased five-fold in cirrhotic rats. We conclude […] 
Introduction
Endotoxin sensitivity varies among animal species and appears to correlate with the presence of pulmonary intravascular macrophage (PIM). In rats, which lack PIM, we investigated the hypothesis that chronic cholestatic liver injury leads to induction of PIM and endotoxin sensitivity. Rats were randomized to either common bile duct ligation (BDL) or sham-surgery and studied at 1 wk (acute cholestasis), 2 wk (cholestasis, early cirrhosis), and 4 wk (cholestasis, established cirrhosis) after surgery. Intravascularly injected fluorescent latex microspheres (1 jum diameter) were taken up by large phagocytic cells in lung parenchyma of BDL rats (at 2 and 4 wk), while no uptake was observed in lungs from control rats. Electronmicroscopy revealed accumulation of large, mononuclear, macrophage-like cells containing ingested latex particles within the pulmonary capillaries. Pulmonary intravascular phagocytosis, as reflected in lung uptake of "'ETc microaggregated albumin (Microlite, mean particle diameter = 1 ,um), averaged 0.7±0.1%
(mean±SEM) of total injected dose in 13 control rats and progressively increased with time after BDL (1 wk, 1 .7±0.2%; 2 wk, 10.0±3.0%; 4 wk 35.1±5.9%). Rats with biliary cirrhosis were markedly sensitive to the lethal effects of low dose endotoxin and demonstrated marked lung edema at the time of death. Furthermore, the lung uptake of intravascular 1"I-lipopolysaccharide was increased fivefold in cirrhotic rats. We conclude that chronic biliary obstruction leads to the induction of pulmonary intravascular phagocytes and enhances endotoxin sensitivity in rats. Pulmonary intravascular phagocytosis in patients with advanced cirrhosis may account for their increased susceptibility to sepsis-induced adult respiratory distress syndrome. (J. Clin. Invest Sensitivity to the toxic effects of bacterial LPS, or endotoxin, varies by several orders of magnitude across animal species (1) . Certain species, such as sheep, calf, or pig, are exquisitely sensitive, responding to microgram quantities of endotoxin with shock, pulmonary hypertension, increased-permeability lung edema, and death (1) (2) (3) . Other species, such as rat, dog, and monkey, can tolerate milligram quantities of endotoxin with only moderate systemic hypotension (1, (4) (5) (6) . Even when given a lethal dose of endotoxin, their pulmonary vascular responses are relatively mild and significant lung edema is often difficult to demonstrate (4) (5) (6) (7) . The reason for this marked species difference in endotoxin sensitivity is unclear and cannot be easily explained on the basis of differences in the synthesis or release of cytokines or lipid mediators or in the response of circulating inflammatory cells to endotoxin.
Recently, several authors have suggested that the presence of pulmonary intravascular macrophage (PIM)' accounts for the marked species-dependent sensitivity to endotoxin-induced lung injury (8) (9) (10) . PIMs Within a given species, there is a significant variability in the individual's susceptibility to endotoxic injury. In species that are normally endotoxin resistant, one factor that has been identified to correlate with enhanced endotoxin sensitivity is the presence of liver injury. Experimentally, D-galactosamine, which selectively suppresses hepatic RNA synthesis and causes acute hepatocellular injury, markedly sensitizes mice to the lethal effects of endotoxin (14) and enhances endotoxin-induced lung injury in rats (15) . Moreover, Matuschak et al. have observed a high incidence of sepsis-induced acute lung injury in their patients with end-stage liver failure awaiting liver transplant (16) . The mechanism of enhanced endotoxin sensitivity in liver disease is unknown, although it may relate in part to the depressed hepatic synthesis of acute phase proteins (17) , or depressed hepatic metabolism of endogenous leukotrienes (15) .
While studying the pulmonary circulatory changes in rats with liver cirrhosis due to chronic biliary obstruction (18, 19) , we serendipitously observed large numbers of macrophage-like cells within the pulmonary microcirculation of these animals. While these cells morphologically resembled PIMs, it is unclear whether they are functionally active. In this study, we tested the hypothesis that chronic cholestatic liver injury induces the appearance of phagocytically active intravascular macrophages in rat lungs and studied the pathophysiological consequence of this PIM-induction. Cholestatic liver injury in rats was induced by surgical ligation of the common bile duct, which produced biliary cirrhosis in about 4 wk. Control rats received sham operation. At 1, 2, and 4 wk after bile duct ligation (BDL), the presence of PIM-like cells were examined morphologically, by both light and electron microscopy, and functionally, by measuring lung uptake of fluorescent latex particles and`mTc-labeled albumin colloids. To determine the potential pathophysiologic significance of this cellular alteration, the lethal and pulmonary edemagenic effects of endotoxin were compared in rats with biliary cirrhosis and sham-operated controls. In addition, pulmonary uptake of "2I-labeled endotoxin A total of 30 rats (17 BDL and 13 control) were studies in three separate experiments. 10 rats each were studied at 1 wk (6 BDL, 4 control), 2 wk (6 BDL, 4 control), and 4 wk (5 BDL, 5 control) after surgery. Because the results in control rats were similar regardless of the time after sham operation, the data from these 13 rats were pooled and analyzed as one group.
Effect of endotoxin on mortality and lung wet-to-dry weight ratio. 26 BDL and 50 sham-operated control rats were studied at 4 wk after surgery. Salmonella enteritidis LPS was injected intravenously (0.01, 0.1, and 1 mg/kg in BDL rats; 0.01, 0.1, 1, 10, and 40 mg/kg in control rats) and the mortality was assessed over the next 72 h. Rats that appeared moribund (i.e., unable to turn over when placed on their backs) were killed by pentobarbital overdose and considered as nonsurvivors. In these animals, the lung, liver, and spleen were removed and weighed at the time of death. Lung tissue was then dried in a Transite oven (60°C) until constant weight, and the lung wet-to-dry weight ratio was calculated as an index of lung edema (23) . Rats that remained alive at 72 h (survivors) were killed by pentobarbital overdose and their organs were removed and processed as above.
Lung uptake of '25I-endotoxin. Escherichia coli strain 01 ll:B4 LPS radiolabeled with iodine-125 (24) was kindly supplied by Dr. David Morrison (University of Kansas, Kansas City, KS). The specific activity of the preparation was 0.3 pCi/pg LPS. '25I-LPS was diluted in saline containing 0.25% bovine serum albumin, and 1.7 /ig (-5 Og/kg) was injected into each rat via tail vein injection. After 4 h, the rats were killed by pentobarbital overdose and their blood (1 ml), liver, spleen, kidney, and lungs were removed for determination of radioactivity. The '25I-uptake in each organ was calculated as: [(Total organ '"I-activity)/ (Total injected dose of '25I-LPS)] x 100. Statistical analysis. Data are expressed as mean±SEM. Means of different experimental groups are analyzed using a one-way analysis of variance followed by multiple comparison with method of StudentNeuman-Keul to indicate pairs of groups with significant difference (25) . When only two groups are involved, an unpaired t test is used for statistical comparison. Linear correlations are calculated using standard methods (25) . Differences in survival at each dose of endotoxin are compared using chi-square. Differences are considered significant when P < 0.05.
Results
Within days after bile duct ligation, rats developed persistent jaundice associated with retardation of weight gain and progres- 2010 5. W Chang and N. Ohara Data are mean SEM; t control data for liver and spleen 9"'Tc-Microlite uptake based on n = 9. In the initial experiment involving the 2-wk group, only sections of the liver and spleen were saved for radioactivity measurement. As this was found to be inadequate for predicting total organ uptake, subsequent experiments in 1 wk and 4 wk rats were done with measurement of total liver and total spleen radioactivity. * P < 0.05 from control.
sive hepatosplenomegaly (Table I ). The liver morphological and functional changes after BDL have been previously described (20, 26) . At 4 wk after BDL, with liver cirrhosis present, the lung and kidney wet weights were significantly increased over those in sham-operated, control rats. Lung wet-todry weight ratio was also significantly increased at 4 wk after BDL (Table I) . Lung morphology and uptake offluorescent beads. 2 h after intravenous injection, fluorescent beads were noted in lungs of BDL rats at 2 and 4 wk after bile duct ligation (Fig. 1 B) . These particles were sequestered in clusters within large cells in the alveolar septum (Fig. 1, C and D) No uptake was observed in the intra-alveolar cells. The lungs removed from BDL rats 1 wk after surgery showed only minimal, scattered lung uptake (not shown). No uptake of fluorescent beads was observed in the lungs of sham-operated, control rats (Fig. 1 A) .
On light microscopy, lungs from BDL rats showed accumulation of mononuclear cells within the lumen of small pulmonary vessels (Fig. 2) . These cells were closely associated with the vascular endothelium and, in some, clusters of ingested latex beads were found within their abundant cytoplasm. Perivascular edema and alveolar septal thickening with increased cellularity were also observed in BDL rats, particularly at 4 wk after the surgery (Fig. 2 B) .
Ultrastructural changes. On electron microscopy, lungs from sham-operated control rats contained normal cellular constituents with no macrophage-like cells seen in any of the sections examined (not shown). Lungs from BDL rats at 4-5 wk after surgery showed accumulation of large intravascular, mononuclear cells within capillaries and small vessels (Fig. 3) . These cells had morphologic features of mature macrophages including indented nucleus, abundant cytoplasm containing phagocytic vacuoles, and many irregular surface projections (Fig. 3 A) . These cells were significantly larger than monocytes, some exceeding 30 4tm in maximal dimension. In addition, many of these cells exhibited large areas of close apposition with the underlying endothelial cells, including areas where the cytoplasm of the two cells interdigitate (Fig. 3 B) . However, junctional complexes of the kind described by Warner and Brain in sheep lungs ( 11), were not observed between these intravascular macrophage-like cells and endothelial cells. In many of these cells, ingested latex particles could be easily identified (Fig. 3, A and C) . Erythrophagocytosis by these phagocytes was also observed (Fig. 3 D) .
In BDL rats at the earlier time point (1 and 2 wk), a large number of the intravascular cells were monocytes or cells with morphologic characteristics intermediate between monocytes and macrophages (not shown). With more advanced liver disease, some pulmonary microvessels appeared to be nearly obliterated by clusters of monocytes, neutrophils and intravascular macrophage-like cells (Fig. 3, A and C) . In these areas, ingested latex particles were found only within cytoplasms of the intravascular macrophage-like cells.
Quantitation of intravascular phagocytosis. Table I shows the 9"9Tc-Microlite uptake in various organs 1 h after intravenous injection. At 4 wk after BDL, despite increases in liver and spleen weight, the liver 9'9Tc-Microlite uptake was markedly decreased and the spleen uptake mildly decreased. There is a progressive increase in lung 99uTc-Microlite uptake after BDL, especially after the second week. 99mTc-Microlite uptake at 1, 2, and 4 wk after BDL were increased to 4-, 12-, and 47-fold of the corresponding values in time-matched, sham-operated control rats (Fig. 4) . In contrast, 9"Tc-Microlite uptake in the kidney was unchanged by BDL (Table I) . In BDL rats, lung 99"Tc-Microlite uptake correlated with increasing spleen weight, a reflection of the severity and chronicity of the portal hypertension associated with biliary cirrhosis (Fig. 5) , and inversely with total 99mTc-Microlite uptake in the liver and spleen (not shown, r = -0.79, P < 0.001).
Endotoxin sensitivity. Table H shows the effect of S. enteritidis LPS on the 72 h mortality in control and BDL rats. As expected, control rats were highly resistant to endotoxin with 36% mortality at 10 mg/kg of LPS, i.v., and no death at 1 mg/ kg or lower doses of LPS. In contrast, LPS doses as low as 10 tzg/kg caused significant mortality in BDL rats. Overall, the LD50 for LPS was shifted to the left by at least two log orders of magnitude in chronic BDL rats.
Organ wet weights and lung wet-to-dry weight ratio were obtained in survivors at 72 h after endotoxin injection and in some nonsurvivors at the time of death (Table III) . As expected, BDL rats showed marked hepatosplenomegaly compared to controls. Control rats dying after high doses of LPS (10-40 mg/kg) had normal wet lung weight and normal lung wet-todry ratio. However, BDL rats dying after low doses of LPS (0.01-1 mg/kg) had markedly increased wet lung weights and lung wet-to-dry ratio, indicative of fulminant pulmonary edema.
Lung uptake of '25-LPS. terized by marked hepatosplenomegaly. While there were no changes in 1251I-LPS uptakes in the liver and kidney, the lung '"I-LPS uptake was increased by over fivefold in BDL rats. In addition, following this very low dose of LPS (-5 jig/kg), the wet lung weight in BDL rats was markedly increased when compared with the lung weight in either control rats given LPS (Table IV) or BDL rats not given LPS (Table I) .
Discussion
While PIMs are normally not present in the lung circulation of some animal species, including the rat, several preliminary reports have suggested that, in these species, PIMs may be inducible (27) (28) (29) . In this study, we demonstrated for the first time that intravascular macrophage-like cells appear in the pulmonary microcirculation of rats with chronic biliary obstruction, suggesting that cholestatic liver injury may be a reproducible stimulus for PIM induction in the rat. Our findings of markedly enhanced lung uptake of intravascular fluorescent latex beads, "Tc-albumin colloids, and 1251I-LPS in rats with biliary cirrhosis are consistent with the known function of PIM as an intravascular phagocyte. Moreover, the exquisite sensitivity of cirrhotic rats to endotoxin-induced lung edema and lethality suggests that the induction of these PIM-like cells is associated with potentially deleterious consequences for the host. These large mononuclear cells found in the pulmonary microcirculation of rats with biliary cirrhosis exhibit many of the morphologic features previously described for PIMs in sheep and man. These features include the presence of an indented nucleus and abundant cytoplasm with irregular surface projections and containing lysomal granules, phagosomes, and phagolysosomes (8, 30) . These macrophage-like cells can be distin- (21), we compared the uptake of intravascular fluorescent latex particles by lungs of control and BDL rats. In agreement with previous reports (21) , lungs from normal rats did not exhibit any uptake of these 1 Mm-size particles.
In contrast, lungs from BDL rats (at 2 and 4 wk) contained many cells with cluster of fluorescent latex beads within their cytoplasms. All of these bead-containing cells were located in the interalveolar septa, indicating that they are either intravascular or interstitial cells. Because of their large size, we would not expect these latex particles to traverse the alveolar capillary membrane and be engulfed by either interstitial or alveolar macrophages. Indeed, on light microscopy we did not observe particle uptake by alveolar macrophages in either control or cirrhotic rats. That other intravascular or interstitial phagocytes in the lung are not responsible for the increased particle uptake is wk after BDL, respectively. Furthermore, lung 9'9Tc-Microlite uptake correlated with the severity of liver disease as reflected in the increased spleen weight and the decreased total liver and spleen phagocytic activities. While lung 99mTc-Microlite uptake may not directly reflect the actual number of PIMs, our results certainly indicate marked enhancement of lung intravascular phagocytic activity in rats with cholestatic liver disease. In fact, the level of lung particle uptake in some of our cirrhotic rats approaches the level observed previously in sheep lungs (21) . In addition to the increased phagocytosis of intravascular latex beads and albumin colloids, lungs from rats with biliary cirrhosis also demonstrate increased uptake of 125I-LPS. While LPS is a much smaller molecule, it binds to plasma high density lipoprotein and is cleared from the blood stream by cells of the reticuloendothelial system (33) . Previous studies have consistently demonstrated increased lung uptake of labeled LPS in animals with PIMs (8, 9) . In normal rats, LPS was not detectable in lung tissue using histochemical technique during the first 7 h after intravenous injection (33) , and we found only 0.37% of the injected '25I-LPS in lungs of control rats after 4 h. In rats with biliary cirrhosis, the lung '25I-LPS uptake was increased fivefold, to a level which is approximately 38% of the total liver uptake. In addition to being consistent with the presence of a significant population of PIMs in these rats, this impressive increase in lung LPS uptake also suggests the possibility of enhanced pulmonary toxicity during endotoxemia.
In view of the many studies demonstrating marked endotoxin sensitivity in animals with large numbers of PIMs (8-10), we wondered if chronic BDL rats, which acquired these PIM-like cells, would become endotoxin sensitive. Indeed this was what we found. While control rats tolerated high doses (up to 1 mg/kg i.v.) of endotoxin without any obvious adverse effects, chronic BDL rats appeared ill with lethargy and piloerection with as little as 0.01 mg/kg of endotoxin. Moreover, rats with biliary cirrhosis exhibited high mortality rates with very low doses (0.01-1 mg/kg) of endotoxin. These results are consistent with the recent findings of Kleber et al. that rats with secondary biliary cirrhosis are more sensitive to the hemodynamic effects of E. coli endotoxin (34) .
In addition to the enhanced sensitivity to the lethal effect of endotoxin, rats with biliary cirrhosis became highly susceptible to endotoxin-induced lung edema. In species with large Data are mean ± SEM. Control and BDL rats were given various doses of LPS intravenously (see Table II ) and separated into those that were alive at 72 h (Survivors) and those that died before 72 h (Nonsurvivors). When rats appeared moribund, or at 72 h, the rats were given an overdose of pentobarbital and their liver, spleen, and lung were removed and weighed. Nonsurvivors in control group died at 5.8±0.2 h (mean±SE) after 10-40 mg/kg of LPS while nonsurvivors in BDL group died at 2.7±0.2 h after 0.01-1 mg/kg of LPS. In some rats (control/survivor, n = 11; control/nonsurvivors, n = 5; BDL/survivor, n = 1; BDL/nonsurvivor, n = 6), lung wet-to-dry weight ratios were obtained. numbers of PIMs, endotoxin causes marked pulmonary hypertension, and increased-permeability lung edema (2) . In contrast, although high doses of endotoxin (1-20 mg/kg) consistently increase pulmonary vascular permeability in the rat (4, 35) , it has been difficult to demonstrate significant lung edema in these animals even after lethal doses of endotoxin (4, 7) . In this study, we found that rats with biliary cirrhosis given 0.01-1 mg/kg of LPS had extremely heavy lungs at the time of death while control rats dying after 10-40 mg/kg of endotoxin had normal or low wet lung weights. (38) . The increased lung uptake occurred in the absence of increased bone marrow uptake, and was felt not to be due to technical factors such as microembolization. Interestingly, all of these patients had some form of liver disease and their prognosis was extremely poor. Furthermore, in experimental studies, induction of acute or chronic liver injury by carbontetrachloride have also been noted to increase lung uptake of colloids in rats (41) (42) . Taken together, these data suggest that in humans and rats, whose reticuloendothelial systems are normally concentrated in the liver and spleen, hepatic dysfunction enhances pulmonary intravascular phagocytosis. These results suggest that this shift in reticuloendothelial activity is due to an induction of a mononuclear cell population in the lung microcirculation that resembles in both morphology and function the PIM described in sheep and pigs.
Although not specifically addressed in this study, one may speculate that the presence of large numbers of PIM-like cells could contribute to other pulmonary circulatory alterations in liver cirrhosis. In humans, cirrhosis is associated with a loss or attenuation of hypoxic pulmonary vasoconstriction (43) and increased intrapulmonary shunting (44) , resulting in variable degrees of arterial hypoxemia. We have recently noted similar changes in rats with chronic bile duct ligation-induced cirrhosis (18) . Furthermore, lungs from chronic BDL rats also exhibited increased vascular permeability and elevated thromboxane B2 level (19) , findings that are indicative of microvascular injury. It is possible that these intravascular phagocytes, perhaps stimulated by circulating endotoxins derived from the gut (45), contribute to the early demise of bile duct-ligated rats by causing thromboxane-dependent pulmonary endothelial cell injury and lung edema (19) . Furthermore, phagocytosis of circulating bacteria and/or endotoxin by PIMs (8, 9) may account for the high incidence of sepsis-induced adult respiratory distress syndrome in patients with end-stage liver disease (16) .
The cellular origin and mechanism of induction of these intravascular macrophage-like cells in rats with biliary cirrhosis are unclear. Based on detailed studies in other species (46) , as well as our recent findings of increased numbers of lung and peripheral blood monocytes in rats with early stages of biliary obstruction (47) , it is reasonable to assume that these PIMs are derived from circulating monocytes. (51) , and the lack of resident intravascular macrophage population in the normal rat.
One potential mechanism which may account for the development of PIM-like cells in chronic liver disease is endogenous endotoxemia. Circulating endotoxin has been detected in the blood of patients with liver cirrhosis (45) and in rats after bile duct ligation (52) . Moreover, administration of endotoxin has been reported to increase pulmonary intravascular phagocytosis (53, 54) and to induce monocyte retention in rabbit lungs (55) and the appearance of PIM-like cells in rats (27) . While we have recently confirmed the observation that endotoxemia acutely increases pulmonary intravascular phagocytosis, we feel that this is due to sequestered neutrophils and activated monocytes in the pulmonary microcirculation (S. W. Chang, unpublished observation). In fact, we have been unable to document any increase in lung uptake of either fluorescent latex beads or 'mTc-Microlite in rats following chronic injections of S.
enteritidis LPS for up to 4 wk (S. W. Chang, unpublished observations). Thus, it is our feeling that chronic endotoxemia alone can not account for the induction of PIM-like cells in this setting.
Other potential mechanisms for the induction of PIM-like cells in liver cirrhosis are even more speculative, but include alterations in the synthesis or metabolism of various cytokine growth factors which may promote monocyte migration, adherence, or differentiation. One such factor is the macrophagecolony simulating factor (CSF-1), a potent growth factor which induces macrophage proliferation and differentiation (56) . A recent preliminary report has documented elevated CSF-1 content in human liver biopsy specimen (57). In addition, monocytes isolated from peripheral blood of cirrhotic patients exhibited in vitro evidence of activation with excessive production of tumor necrosis factor and interleukin 6 in response to LPS (58) and spontaneous release of platelet-derived growth factor (59) . Thus, chronic inflammatory liver injury could lead to an overproduction of one or more of these cytokines, which then stimulate the proliferation and maturation of mononuclear phagocytes into tissue macrophages. Why this process should result in a preferential accumulation of intravascular macrophages in the lung is unclear.
In summary, we have demonstrated that chronic biliary obstruction in rats results in the appearance of large numbers of intravascular macrophage-like cells in the pulmonary microcirculation. The induction of these PIM-like cells is associated with pulmonary intravascular phagocytosis and increased sensitivity to endotoxic lung injury and death. These data provide strong support for the hypothesis that PIMs account for the intraspecies, as well as the interspecies, variability in endotoxin sensitivity. Furthermore, it is proposed that the induction of PIMs in patients with liver disease may account for their enhanced susceptibility to sepsis-induced lung injury (16) . The validity of this hypothesis will need to be tested in future clinical studies.
